Objective: This study aimed to determine the rates of different fetal chromosomal abnormalities among women of advanced maternal age in China and to discuss the possible misdiagnosis risks of newer molecular techniques, for selection of appropriate prenatal screening and diagnostic technologies. Materials and Methods: Second trimester amniocentesis and fetal karyotype results of 46,258 women were retrospectively reviewed. All women were 35 years old with singleton pregnancies. The rates of clinically significant chromosomal abnormalities (CSCAs), incidence of chromosomal abnormalities, and correlations with age were determined. Results: From 2001 to 2010, the proportion of women of advanced maternal age undergoing prenatal diagnosis increased from 20% to 46%. The mean age was 37.4 years (range, 35e46 years). A total of 708 cases of CSCAs, with a rate of 1.53% were found. Trisomy 21 was the most common single chromosome abnormality and accounted for 55.9% of all CSCAs with an incidence of 0.86%. Trisomy 13, trisomy 18, and trisomy 21, the most common chromosome autosomal aneuploidies, accounted for 73.6% of all CSCAs, with a rate of 1.13%. As a group, the most common chromosomal aneuploidies (13/18/21/X/Y) accounted for 93.9% of all abnormalities, with a rate of 1.44%. The incidence of trisomy 21, trisomy 13/ 18/21 as a group, and 13/18/21/X/Y as a group was significantly greater in women aged 39 years and older (p < 0.001), but was not different between women aged 35 years, 36 years, 37 years, and 38 years. Conclusion: These findings may assist in genetic counseling of advanced maternal age pregnant women, and provide a basis for the selection of prenatal screening and diagnostic technologies.
Introduction
Advanced maternal age (AMA) is an important risk factor for fetal chromosomal abnormalities [1] . Since the 1970s, amniocentesis and fetal karyotype analysis have generally been performed during the second trimester for AMA women [2] . In China, this strategy has been implemented for more than 10 years and has improved the detection rate of fetal chromosomal abnormality [3] . However, the population of China is over 1.3 billion, and in early 2014 the Chinese government launched its second-child policy, allowing some couples to have a second child [4] . This is expected to increase the number of AMA women as well as the demand for prenatal diagnoses. Owing to the associated risk of birth defects, AMA women are generally advised to undergo prenatal diagnosis directly in China, receiving fetal chromosomal analysis without necessarily undergoing prenatal screening.
Meanwhile, cytogenetic technical resources for prenatal diagnosis of fetal chromosomal abnormalities are already recognized as being insufficient, creating a bottleneck in prenatal diagnosis in China [5, 6] . This shortage of resources for prenatal karyotype analysis will be exacerbated even further by the increased numbers of AMA women and increased demand for prenatal diagnoses. Birth defects and genetic diseases in China are increasing [3, 5] . Therefore, in China, it has become critical to improve methods of prenatal diagnosis to help reduce the incidence of birth defects.
While karyotype analysis is accurate and reliable and is considered the gold standard for prenatal diagnosis of chromosomal abnormalities, it is technically demanding and labor intensive, and has a low throughput and long detection cycle (2e3 weeks). Newer rapid and effective molecular techniques may be alternatives to karyotype analysis for prenatal testing and diagnosis, including noninvasive prenatal testing (NIPT), quantitative fluorescent polymerase chain reaction (QF-PCR), fluorescence in situ hybridization (FISH), BACs-on-Beads (BoBs), multiplex ligation-dependent probe amplification (MLPA), chromosomal microarray analysis (CMA), and other technologies [7e11] . Some of these methods are able to reach a sensitivity of 98% or more with low false-positive rates [7e11]. However, risk may still exist. Although a newer molecular method (such as QF-PCR) provides accurate and reproducible results when compared with karyotype analysis, it only detects common trisomies, leaving a residual risk for a pregnancy to have a chromosomal abnormality detectable with conventional analysis methods [7, 12] . The residual risk is reported to be 1%, which raises concerns as well as ethical issues [4] . Residual risk has not been confirmed in a mainland Chinese population or validated among AMA women in China.
Considering the increased demand for prenatal diagnosis and the current status of prenatal testing, an urgent need emerges for newer methods to assist in karyotype testing for prenatal diagnosis in China. Understanding the incidence of chromosomal abnormalities by age would provide a good basis for developing appropriate techniques and strategies for prenatal screening and diagnosis [7, 13, 14] . However, a few large-sample epidemiological studies of prenatal diagnostic strategies have been performed for AMA women in China [4] . We hypothesized that a large, multicenter, epidemiologic study of AMA women across China would help determine the incidence of clinically significant chromosomal abnormalities (CSCAs) in pregnant women referred for karyotype analysis solely because of AMA. Therefore, this study aimed to determine the rates of fetal chromosomal abnormalities in AMA women in China and also to evaluate the possible misdiagnosis risks of newer molecular techniques in clinical prenatal diagnosis. Results of this study may assist in genetic counseling of AMA pregnant women, and provide a basis for the selection of appropriate prenatal screening and diagnostic technologies to augment present methods.
Methods

Participants
Data of 46,258 pregnant women who sought counseling because of AMA from January 2001 to December 2010 at 13 prenatal diagnosis centers in China were collected and analyzed retrospectively. Only patients with a naturally conceived, singleton pregnancy, with no personal or family history of chromosomal abnormalities and no fetal abnormalities detected by ultrasound or other indications of an unfavorable prenatal diagnosis, were included. Women with any family history of chromosomal abnormalities and any fetal abnormalities detected by ultrasound or other indications of an unfavorable prenatal diagnosis were excluded. The medical centers were informed of the inclusion and exclusion criteria, and the different centers individually compiled the data and forwarded it to the primary center for analysis. This study was approved by the Scientific Research Ethics Committee of Women's Hospital of Zhejiang University, Hangzhou, China and the Institutional Review Boards of the participating centers, and all patients provided informed consent.
Counseling and genetic testing
All 46,258 women received genetic counseling, and then invasive prenatal diagnosis was performed after informed consent was obtained. Amniocentesis and karyotype analysis of amniotic fluid were performed at 18e22 þ6 weeks of gestation. The women's ages at due date, results of the karyotype analysis, gestational age of pregnancy at the time of amniocentesis, and other pertinent information were sent to the Prenatal Diagnosis Center of Zhejiang Province for analysis. Chromosome abnormalities were divided into two categories: chromosomal abnormalities of clear clinical significance (CSCAs) and chromosomal abnormalities with a good or unclear prognosis. In this study, CSCAs included both common and rare abnormalities. Common chromosomal abnormalities included five common types of abnormalities affecting the number of chromosomes (13, 18, 21 , X, and Y): autosomal aneuploidies (trisomy 21, trisomy 18, and trisomy 13), sex chromosome abnormalities (e.g., Turner syndrome, 47,XXY), polyploidies, and chimeras based on the type of involved chromosomal abnormality. Rare chromosomal abnormalities included imbalanced chromosomal structural abnormalities attributable to the addition or deletion of genetic material, such as partial chromosomal deletions or duplications.
The women were divided into seven groups based on their ages at their due dates: 35 years, 36 years, 37 years, 38 years, 39 years, and 40 years, and older than 40 years. The incidences of trisomy 21 and other CSCAs were calculated. Chromosomal abnormalities with a good or unclear prognosis, including balanced translocations, Robertsonian translocations, inversions, other balanced chromosome structural abnormalities, and marker chromosomes, were not analyzed in the present study. To examine the suitability of diagnostic techniques other than karyotype analysis, CSCAs were divided into three categories: (1) common autosomal aneuploidies, including trisomy 21, trisomy 18, and trisomy 13, which can be detected with NIPT, QF-PCR, FISH, and other techniques, as previously described [7, 15] ; (2) (3) rare chromosomal abnormalities, such as partial chromosome deletions and additions, and unbalanced translocations, which can be detected by CMA [9, 16] .
Statistical analysis
A Chi-square test was performed for comparison of the incidences of chromosomal abnormalities between groups. Pearson's correlation was used to analyze the correlations between the incidences of chromosomal abnormalities and age. A p value < 0.05 was considered statistically significant. SPSS version 16 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis.
Results
A total of 46,258 singleton pregnancies were included in the analysis; the details of the cases collected from the centers are shown in Table S1 . The mean maternal age at the due date was 37.4 years (range, 35e46 years). From 2001 to 2010, the proportion of AMA women undergoing prenatal diagnosis increased from 20% to 46% (Figure 1 ). Among the 46,258 women, there were 708 cases of CSCAs (Table 1 ). The incidence of trisomy 21 was 0.86% (396/ 46,258), accounting for 55.9% of all CSCAs, and the incidence tended to increase with maternal age (Figure 2 ). The incidence of trisomy 21 did not differ in women aged 35 years, 36 years, 37 years, and 38 years (p ¼ 0.10), and the mean incidence of trisomy 21 was 0.65% (224/34,287). The mean incidence of trisomy 21 in women aged 39 years and older was 1.44% (172/11,971), which was significantly different from that of the 35e38-year age group (p < 0.001) ( Table 2 ). The incidences of trisomy 18, 47,XXX, and 47,XXY were significantly correlated with maternal age (g ¼ 0.77, p ¼ 0.042; g ¼ 0.93, p ¼ 0.002; and g ¼ 0.85, p ¼ 0.014, respectively). The incidences of trisomy 13, Turner syndrome, and 47,XYY were not found to be significantly correlated with maternal age.
The overall incidence of CSCAs was 1.53% (708/46,258), and showed a tendency to increase with age ( Figure 3) . The combination of trisomies 13, 18, and 21 (T21/18/13 group), with a detection rate of 1.13% (521/46,258), accounted for 73.6% (521/708) of all CSCAs. The common chromosomal abnormalities of five chromosomes (13, 18, 21 , X, and Y; 21/18/13/X/Y group), with a detection rate of 1.44% (665/46,258), accounted for 93.9% (665/708) of all CSCAs. Rare chromosomal abnormalities, including partial chromosome imbalance and unbalanced translocations, with a detection rate of 0.09% (43/46,258), accounted for 6.1% (43/708) of all CSCAs. There were no significant differences in the incidence of the T21/18/13 and 21/18/13/X/Y groups among women aged 35 years, 36 years, 37 years, and 38 years (p > 0.05). However, the incidence of the T21/18/13 and 21/18/13/X/Y groups in women aged 39 years, 40 years, and older than 40 years was significantly different from that in the 35e38-year age group (p < 0.001). The incidence of rare chromosomal abnormalities did not increase with age, and their relative proportion of CSCAs tended to decrease with age (Table 3) .
Discussion
Results of the present large-scale epidemiologic study of AMA pregnant women in China who underwent second trimester amniocentesis and fetal karyotyping showed that the need for fetal karyotype testing has increased from 20% to 46% over the past decade. The five most common types of chromosomal abnormalities (21/18/13/X/Y group) accounted for 93.9% of all CSCAs, with trisomy 21 accounting for over half of these. The incidence of trisomy 21 was similar between women aged 35e38 years, but increased significantly in those aged 39 years and older. Prior to the present study, no detailed information was available on the relative incidence of specific chromosomal anomalies in AMA pregnancies in China. Results of this large multicenter investigation suggest that alternatives to karyotype analysis are applicable in China and can help meet the increased demand for prenatal diagnoses among an increasing population of AMA women. This work complements the large national effort to reduce the incidence of birth defects, and results may contribute to the development of national policies on prenatal diagnosis.
The proportion of AMA women undergoing prenatal diagnostic testing in China is increasing along with the demand for prenatal diagnosis. This trend is consistent with the increases noted in Western countries [17e20]. In China, the "second-child policy" is placing an additional burden on already overburdened cytogenetic technical resources. Thus, rapid, noninvasive, and cost-effective diagnostic techniques are needed urgently, and data on the frequency of chromosomal abnormalities with respect to maternal age should help determine which alternatives to karyotype analysis are suitable.
Incidence of specific chromosomal abnormalities
In the present study, the overall incidence of CSCAs was 1.53%, which is lower than that reported in previous studies, including 2.31% in Taiwan [21] , 2.4% in Spain [13] , and 4.3% in Turkey [22] . The reason for this lower number may be that the current study included only abnormalities with clear clinical significance. The discrepancy may also be related to the age distribution of the participants since the frequency of some CSCAs is directly associated with maternal age [23] .
In China, the incidence of trisomy 21 among AMA women in the second trimester was 0.86%, accounting for over half of all CSCAs. This highlights the importance of prenatal diagnosis of Down syndrome for older pregnant women, especially because it is substantially higher than the 0.125% reported for the general population of pregnant women [24] . The incidence of trisomy 21 was also found to increase with maternal age; however, there were differences from other reports [23, 24] . The current study showed a similar incidence between women aged 35e38 years, while it increased significantly in those aged 39 years and older. Results of the present study also showed that the incidences of trisomy 18, 47,XXX, and 47,XXY correlated closely with maternal age, but correlations were not seen with trisomy 13, Turner syndrome, and 47,XYY, which is also consistent with other reports [23, 24] .
Results of the present study suggest that different strategies may be used in pregnant women 35e38 years of age and in those who are older. Unlike in previous reports [23, 24] , in this study, the incidence of trisomy 21 was not found to increase significantly with age within a range of 35e38 years. However, in women aged 39 years and older, the incidence of trisomy 21, and that of other CSCAs, increased significantly with age. The difference with other reports may be due to population differences. In the present study, the 35e38-year-old age groups accounted for 74.12% of all women, but the incidence of Down syndrome was 0.65%, significantly lower than the 1.44% in the 25% of women aged 39 years and older. Based on the fact that the detection rate of the current prenatal screening technology can exceed 90% [25] , American Congress of Obstetricians and Gynecologists (ACOG) guidelines recommend routine prenatal screening for older pregnant women [2] . Based on the results of the present study and the ACOG guidelines, prospective studies on prenatal screening for AMA pregnant women 35e38 years of age should be conducted to determine whether these methods can be viable alternatives to karyotype analysis in this age group.
New technologies as alternatives to karyotype analysis
The current analysis indicates that the most common chromosomal anomalies in China can be detected using newer prenatal screening technologies, including the analysis of free fetal DNA in peripheral blood (NIPT), QF-PCR, CMA, and other technologies that have matured and offer high sensitivities and low false-negative rates [7e11, 13, 15, 26] . The detection rates of the three most common chromosomal abnormalities, trisomy 21, trisomy 18, and trisomy 13, using NIPT are above 98%, with a false-positive rate under 0.5% [27] . Based on these values, ACOG has included AMA as an indication for noninvasive DNA testing [15] . However, the accuracy of detecting chromosomal abnormalities other than trisomy 21, trisomy 18, and trisomy 13 is not as high. In the present study, for example, NIPT would have detected 73.6% of CSCAs, but may have missed 20.3% of sex chromosome abnormalities and 6.1% of other CSCAs, and these missed diagnoses would have accounted for 0.40% of AMA women who had undergone prenatal diagnosis. It must be noted, however, that NIPT has only been available in China since 2012, and given the length of the study period, this may have influenced the results. In cases in which there are no ultrasound abnormalities, less than two ultrasound soft markers, no genetic history of chromosomal rearrangements, and no nuchal translucency abnormalities, rapid molecular diagnostic techniques such as QF-PCR and FISH can detect approximately 99.9% of CSCAs [7, 12, 28] . Our results showed that the five most common chromosomal abnormalities accounted for 93.9% of all CSCAs. If QF-PCR and FISH miss 6.1% of other CSCAs, these missed diagnoses would account for 0.09% of all AMA pregnant women seeking prenatal screening. In other words, a normal QF-PCR or FISH result would indicate a 99.9% chance of no CSCAs, which is consistent with other reports [4] .
Although CMA can be used to analyze genome copy number, and is capable of detecting chromosomal abnormalities and copy number variations (CNVs) [9, 16] , it is expensive and not always interpretable. The present study suggested no particular advantage of CMA in pregnant women older than 35 years.
The present study has certain limitations. Amniocentesis and karyotype analysis of amniotic fluid were performed at 18e22 þ6 weeks of gestation, and AMA was the sole reason for genetic testing. We did not examine first trimester testing and screening methods, so results may be different in a patient population with other risk factors for fetal chromosomal anomalies. The 93.9% rate that we found for the five most common types of chromosomal anomalies is lower than the rates reported in the literature [7, 13, 23] . This may be because the majority of women in this study did not undergo regular ultrasound screening during the second trimester before prenatal diagnosis, and some cases may have shown abnormalities if ultrasound had been performed.
Conclusion
Results of this study showed that the rates of fetal chromosomal abnormalities among AMA women in China are different from those in other populations and that newer technologies may be appropriate as alternatives to karyotype analysis. These findings may assist in the genetic counseling of AMA pregnant women, and provide a basis for the selection of prenatal screening and diagnostic technologies, and for the rational allocation of resources for prenatal diagnosis.
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